The interaction experienced by a fast electric dipole moving parallel and close to a flat solid surface is studied using the dielectric formalism. Analytical expressions for the force acting on the dipole, for random and for particular orientations, are obtained. Several features related to the dynamical effects on the induced forces are discussed, and numerical values are obtained for the different cases. The calculated energy loss of the electric dipole provides useful estimations which could be of interest for small-angle scattering experiments using polar molecules.
I. INTRODUCTION
The interaction of fast atoms and molecules with solid surfaces is a subject of great interest for current studies of many physical and chemical processes occurring when energetic particles impinge on solid materials ͓1͔, having direct interest in terms of basic knowledge on particle-matter interaction, as well as for the large number of current applications dealing with such interactions ͑see for instance Ref. ͓2͔ and references cited therein͒. The dominant interaction mechanisms have been extensively studied by several authors for the case of pointlike charges and atomic ions ͓3-6͔. But the case of polar molecules or even the simplest case of electric dipoles has received quite limited attention.
Recent studies on dipole-solid interactions have considered the case of electric dipoles moving within the bulk of a solid, using both the dielectric formulation ͓7͔ and the density functional approach ͓8͔. In addition, a recent study ͓9͔ has shown that the interaction of a polar molecule with a surface can be analyzed in a convenient way by considering the interaction of an electric dipole with its induced image, indicating that important self-alignment effects are expected to occur.
Other relevant aspects of dipole-surface interactions, like a detailed study of dynamical effects in the induced forces, and the projectile energy dissipation produced by such forces, have not yet received an adequate theoretical treatment. The case of electric dipoles interacting with a solid surface is a problem of considerable current interest that requires attention since it could yield useful results for the analysis of more complicated projectiles, like polar atoms or molecules. In fact, the study of the interaction of polar molecules with the bulk of a solid target is limited by the low survival probability of such molecules when penetrating a dense medium; in most cases, the molecule will break up or get ionized, and then the dipole term will be overshadowed by the emerging monopole components.
On the other hand, there is a higher chance of molecular survival in experiments of scattering on solid surfaces. Moreover, there is current interest in studies of atomic and molecular processes using scattering techniques ͓10,11͔ as well as in transmission experiments using microcapillaries ͓12͔. These types of experiments may provide an adequate setup for future studies with polarized atomic or molecular projectiles.
The purpose of this work is to perform a detailed theoretical analysis of the interaction between a fast electric dipole and a flat solid surface, illustrating with several calculations the effect of the dynamical forces acting during the interaction, which could lead to tilting and deflection effects as well as energy loss of the dipole. We apply these results to estimate the energy losses expected in scattering experiments using polar molecules interacting at grazing incidence with solid surfaces.
The paper is organized as follows. In the next section we introduce the dielectric formulation for the study of dipolesurface interactions and apply it to the case of dipoles with trajectories parallel to the surface; we derive closed expressions for the longitudinal and transverse forces acting on the dipole for a general as well as for particular orientations of the dipole axis with respect to its velocity. In Sec. III we present and discuss the results of the calculations for different cases, and we provide values of the expected energy losses in grazing-incidence experiments. Finally, in Sec. IV we summarize the main conclusions of this work. Atomic units ͑a.u.͒ will be used throughout this work, except where otherwise stated. jectile and has been described elsewhere ͑see, for instance, ͓13,14͔ and references contained therein͒. Within this scheme the induced potential at the coordinates r ជ = ͑x , y , z͒ = ͑ ជ , z͒, due to the charge Q 1 at the position r ជ 1 = ͑x 1 , y 1 , z 1 ͒ = ͑ ជ 1 , z 1 ͒, may be written as
͑1͒
where k ជ = ͑k x , k y ͒ represents a bidimensional wave vector parallel to the solid surface, and
where ⑀͑͒ is the dielectric function of the solid, which depends on the frequency corresponding to the electronic excitations that it can sustain. In order to model the interaction between a fast dipole and a solid surface we consider two charges, of magnitudes Q 1 =−Q and Q 2 = Q, respectively, moving both with the same velocity v ជ in the x direction parallel to the surface. This configuration is shown schematically in Fig. 1 , the positions of the charges that form the dipole being r ជ 1 = ͑ ជ 1 , z 1 ͒ = ͑x 0 , y 0 , z 0 ͒ and r ជ 2 = ͑ ជ 2 , z 2 ͒ = ͑x 0 + ⌬x , y 0 + ⌬y , z 0 + ⌬z͒. Thus, the dipole vector is d ជ = ͑⌬x , ⌬y , ⌬z͒ and the dipole moment is p ជ = Qd ជ = ͑Q⌬x , Q⌬y , Q⌬z͒.
The electric field induced at the position ͑ ជ , z͒ by the
͑i͒ , and can be obtained from Eq. ͑1͒,
͑3͒
The force F ជ ij acting on the charge
which yields the following expression:
͑4͒
The total force acting on the charge Q j will be F ជ ij + F ជ jj , where F ជ jj is the self-force induced by the charge Q j on itself. Then, the total force acting on the dipole will be
The components of this total force have the following expression:
where
In order to obtain the dipolar limit, we make a Taylor expansion in Eq. ͑7͒ retaining terms up to second order, which gives
which is valid for ͉d ជ ͉ Ӷ z 0 . Inserting Eq. ͑8͒ into Eq. ͑6͒ we obtain the dipolar approximation for the total force acting on the dipole,
Now we separate the surface response function ͑͒ into a real part Ј and an imaginary part Љ,
Taking into account the even or odd character in of the functions appearing in Eq. ͑9͒, the components of the total force acting on the dipole can be rewritten as
1. An electric dipole with dipole moment p ជ = Qd ជ and velocity v ជ is moving along the x direction at a distance z 0 from a plane surface located at z = 0. The origin of coordinates is taken at the point O, which moves along the surface isotachically with the dipole.
Note the dissipative character of the F x and F y forces because of their dependence on the imaginary part of the surface response function Љ, whereas F z is a conservative force ͑image force for the dipole͒ because it is related to the real part of the surface response function Ј.
After some algebra, Eq. ͑11͒ can be conveniently expressed in matrix form as
where Ã is the ͑3 ϫ 3͒ matrix 
and the elements I ij ͑i , j =1,2,3͒ are integrals in the k y variable, given by
͑14͒
These integrals can be analytically evaluated, obtaining
where K n ͑¯͒ denotes the modified Bessel function of the second kind and nth order ͓15͔. Inserting in Eq. ͑13͒ the elements I ij from Eq. ͑15͒ and using k x = / v, the total force acting on the dipole, Eq. ͑12͒, is written as
͑17͒
Equations ͑16͒ and ͑17͒ describe the force felt by a dipole moving with velocity v at a distance z 0 parallel to a solid surface, for any orientation of the dipole.
In what follows we will analyze the total force acting on the dipole for three particular orientations, defined by the relative orientation between the dipole moment p ជ and the coordinate axis: ͑A͒ p ជ ʈ x, i.e., the dipole moment is parallel to its velocity ͑along the x direction͒, ͑B͒ p ជ ʈ ŷ, i.e., the dipole moment is perpendicular to its velocity and parallel to the surface, and ͑C͒ p ជ ʈ ẑ, i.e., the dipole moment is perpendicular to both its velocity and the surface.
To describe the dipole orientation we use spherical coordinates and , where is the angle between the dipole and the z direction and is the angle between the x direction and the projection of the dipole into the xy plane. Thus, the Cartesian components of the dipole moment are
In what follows we analyze separately each one of the above-mentioned cases, indicating the values of the angles and specifying the dipole orientation, the dipole moment p ជ, and the corresponding force derived from Eq. ͑16͒.
A. Parallel orientation p ᠬ¸x
The parameters of the dipole in this case are = /2, = 0, and p ជ = ͑p ,0,0͒; therefore
͑19͒

B. Transverse orientation p ᠬ¸ŷ
In this case = /2, = /2, p ជ = ͑0, p ,0͒, and
͑20͒
C. Perpendicular orientation p ᠬ¸ẑ
Here =0, p ជ = ͑0,0, p͒, and
͑21͒
We can see that the force in case C is related to the forces in cases A and B through
͑22͒
D. Angular average
The case of random orientation of the dipole is of much interest in connection with possible experiments using beams of randomly oriented molecules. For this situation, we shall consider the angular average of Eq. ͑16͒, namely
where ͗¯͘ denotes the average over the angular variables. Using Eq. ͑18͒ to calculate the angular integrations in the previous equation we obtain
Inserting Eq. ͑24͒ into Eq. ͑23͒ and using Eq. ͑17͒, we obtain the following expression for the angular average of the force acting on the dipole:
͑25͒
This result shows a simple relation with case C ͑perpen-dicular orientation͒ given by Eq. ͑21͒. Explicitly,
An alternative and also useful expression is
In the next section we will evaluate numerically these integrals for metal surfaces, represented by the simple Drude model
where p and ␥ are the plasmon frequency and the damping rate characterizing each metal.
III. CALCULATIONS A. Induced dipole forces
In what follows we apply the previous formulation to study the interaction of electric dipoles moving parallel to a solid surface at a fixed distance, for several relative orientations which are worth discussing. We will consider the following metallic solids: Al, Cu, Ag, and Au, which are characterized by the parameters p and ␥; for brevity, we will use the surface-plasmon frequency s = p / ͱ 2. The characteristic values of the metals to be discussed in this work appear in Table I . In all the cases that follow we consider a dipole with p = 3 a.u., which is a typical value for permanent dipole moments of polar molecules, as can be seen from the data collected in Table II. Let us discuss first the case of an aluminum surface, because this target is very well described ͑better than Cu, Au, or Ag͒ by a single plasma resonance, i.e., it behaves as a typical Drude model.
In Figs. 2 and 3 we show the velocity dependence of the force experienced by a dipole moving parallel ͑at a fixed distance z 0 = 5 a.u.͒ to an aluminum surface. The two panels in Fig. 2 depict the behavior of the stopping and the lateral forces ͑F x and F z , respectively; F y being zero͒ acting on the dipole for the three cases A, B, and C, discussed in the previous section. Figure 3 shows the behavior of the force components ͑F x , F y , F z ͒ acting on the dipole when it lies in the xy plane with = / 2 and = / 4; in this case F y 0. It is worth noticing that Figs. 2 and 3 show that F x Ͻ 0 in all the cases, which means a true stopping force, i.e., opposite to the dipole velocity. However F z has a more complicated behavior; although in most cases F z is negative ͑i.e., there is an attractive force toward the surface, which can be considered the "normal" behavior͒, when the dipole is parallel to the velocity ͑case A͒, F z becomes positive ͑i.e., the dipole is repelled from the surface͒ for v տ 1 a.u., as clearly seen in Fig. 2͑b͒ . Figure 4 shows the behavior of the forces F x and F z acting on the dipole, as a function of its velocity v, for several distances between the dipole and the surface, z 0 =4, 5, and 6 a.u. We only consider the case A, where the dipole moment p ជ is parallel to its velocity ͑p ជ ʈ x͒. The forces F x and F y have an intrinsic dynamical character ͑related to the dynamical response of the medium͒, hence they drop to zero in the static situation ͑v =0͒, as can be seen in Figs. 2͑a͒, 3, 4͑a͒ , and 5͑a͒. These forces are due to the delay in the response of the surface, which gives rise to a lag of the induced charge in the material ͑the dynamical "image charge"͒ relative to the instantaneous position of the dipole. On the other hand, F z has a well-defined static limit ͓see Figs. 2͑b͒, 3, 4͑b͒, and 5͑b͔͒, which may be deduced from the classical interaction energy U͑r͒ between two dipoles p ជ and p ជ Ј separated by a distance r, FIG. 3 . ͑F x , F y , F z ͒ components of the force as function of the dipole velocity v, when the dipole is in the plane xy with = / 2 and = / 4. The distance is z 0 = 5 a.u. and the dipole moment is p = 3 a.u. The solid surface is Al. Unlike Fig. 2, now F y 0.   FIG. 4 . ͑a͒ Stopping force F x and ͑b͒ attractive force F z as a function of the dipole velocity v, for the case A ͑parallel dipole orientation͒ with p = 3 a.u. and z 0 = 4, 5, and 6 a.u. The solid surface is Al.
which corresponds to a dipole-dipole type interaction, between the real dipole p ជ and a fictitious "image dipole" p ជ Ј= −p ជ located at the position z =−z 0 ͑the mirror image͒. This limit also explains the identical static values for cases A and B observed in Fig. 2͑b͒ , which is independent of the surface nature ͓see Fig. 5͑b͔͒ , and the greater values ͑in magnitude͒ obtained for case C. In fact, calculating the force F ជ =−ٌ ជ U͑r͒ for parallel dipole-surface orientation ͑static cases A and B͒, we obtain F z ʈ =−3p 2 / ͑2z 0 ͒ 4 , whereas for the perpendicular orientation ͑case C͒, we get F z Ќ =−6p 2 / ͑2z 0 ͒ 4 . These values exactly agree with the limits found in Figs. 2-5 for the force F z when v → 0, and also explain the identical values obtained for the four metals in Fig. 5͑b͒ .
An additional feature of interest here is the presence of a dip in the F z values when v Ͻ 1 a.u. for narrow-resonance materials like Al. It may be noted that the same effect appears in the simplest case of a pointlike charge moving parallel to a solid surface ͓14͔. But this effect disappears for materials with wider plasma resonances ͑like Cu, Ag, and Au͒ as may be seen in Fig. 5͑b͒ and has also been discussed in Ref.
͓14͔.
These different behaviors of F x , F y , and F z can be understood if we have in mind their origin, Eq. ͑11͒, which shows that F x and F y are related to the dissipative part of the surface response function, Љ͑͒, whereas F z is related to the conservative part, Ј͑͒.
Finally in Fig. 6 we have studied the angular dependence of the forces acting on the dipole according to Eqs. ͑16͒ and ͑18͒. The dependence of the intensity of the forces with ͑ , ͒ can be conveniently shown by means of a polar graph, as illustrated in Fig. 6͑a͒ . In Fig. 6͑b͒ we show the stopping force ͉F x ͉ and we observe that it has a maximum when the dipole is oriented along the z axis ͑perpendicular to the surface, case C, =0͒, and has a minimum when the dipole is oriented along the y axis ͑parallel to the surface but perpendicular to its velocity, case B, = / 2 and = /2͒. The lateral force ͉F y ͉ is depicted in Fig. 6͑c͒ , where we observe that if the dipole lies in the xz or in the yz plane the force ͉F y ͉ is always null, and grows when separating from these planes. In particular, the highest values are obtained when the dipole is on the xy plane, with = /4, 3 /4, 5 /4, or 7 /4. Finally, Fig. 6͑d͒ shows the values of the perpendicular force ͉F z ͉, which represents the attraction toward the surface ͓note that F z Ͻ 0 in this case, Fig. 5͑b͔͒ . We find that ͉F z ͉ has a maximum when the dipole is parallel to the z axis ͑case C, =0͒ and it has a minimum when the dipole is oriented along the x axis ͑case A, = / 2 and =0͒. This angular dependence may be qualitatively explained by the simplified picture of the interaction between the real dipole and its image behind the surface.
B. Comparison with pointlike charges
As a final discussion, we will now compare the magnitude of the induced stopping force acting on a dipole with the corresponding one for the reference case of a pointlike charge Q. For illustration purposes we will discuss two orientations of the dipole: parallel ͑case A͒ and random. Equations ͑19͒ and ͑25͒ give the stopping force F x acting on the dipole in the above-mentioned cases. Although the stopping force acting on a pointlike charge is well known, for clarity in further discussions we show here the explicit forms of these expressions:
͑32͒
These stopping forces are shown in Fig. 7 for aluminum and gold surfaces, as a function of the projectile velocity, for a unit charge ͑proton͒ Q = 1 and for a dipole with parallel orientation ͑case A͒ assuming a dipole moment p = 3 a.u. Figure 7͑a͒ depicts the case when the dipole is oriented parallel to the velocity ͑case A͒, whereas Fig. 7͑b͒ corresponds to the case of random orientation. We observe from these figures that the maxima of the curves that represent the stopping force corresponding to dipoles are displaced to lower velocities than the analogous curves for pointlike charges, and also that the magnitudes of the stopping force for the former are reduced to Շ50% the values for the latter.
A useful approximation that serves to illustrate this comparison in simple terms is obtained by using the "plasmapole approximation" for the imaginary part of the surfaceresponse function, namely, that the stopping forces acting on the latter are of similar magnitude to those for pointlike charges. Hence, the experimental determination of the energy losses of polar molecules interacting with solid surfaces should be accessible under similar conditions of energy resolution currently used in energy loss experiments with simple atomic ions.
IV. SUMMARY AND CONCLUSIONS
The interaction between a fast electric dipole and a solid surface was studied using the dielectric formulation for the case of fixed dipole-surface distance. General expressions for the longitudinal and transverse forces were derived for arbi- FIG. 7 . Stopping force ͉F x ͉ for Al and Au, for a unit charge Q = 1 and for a dipole with dipole moment p = 3 a.u. ͑a͒ Parallel dipole orientation ͑case A͒. ͑b͒ Random dipole orientation. The distance to the surface is z 0 = 5 a.u.
FIG. 8. Functions f 0 ͑u͒, f A ͑u͒, and f av ͑u͒, given by Eqs. ͑37͒-͑39͒, corresponding to the stopping forces for pointlike charges and to aligned ͑case A͒ and random dipoles, respectively, in terms of the adimensional scaling variable u, defined as u = v / ͑z 0 s ͒. trary orientation of the dipole, and also particular expressions for the cases of parallel, transverse, and random orientations of the dipole were given. From these results, the stopping force on the dipole was derived for each of these cases.
The behavior of the forces was illustrated through a set of calculations covering all the cases indicated before. The values of the force were computed for different distances to the surface and dipole velocities.
Numerical estimations were obtained for the metallic surfaces Al, Cu, Ag, and Au. The cases of aligned and randomly oriented dipole beams were considered, and the results were compared with similar calculations for the case of a proton, which is a typical pointlike charge. From these estimations we conclude the possibility of measuring the energy losses of polar molecules ͑the analogous to electric dipoles͒ by adequate experiments using, for instance, small angles of incidence ͑similar to experiments regularly done with atomic ions͒.
In addition, the general formulation and particular results obtained here could be of interest for future studies in the area of atomic collisions with solids and may serve as a guide to design experiments to study various aspects of the interaction between polar molecules and solids surfaces. In a more general context, the present results may be useful also in other fields of research, such as chemical physics and catalysis studies.
